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Abstract In this work, a comprehensive analysis was conducted on the structure and mechanism
of Gallium nitride (GaN) -based Fin-High Electron Mobility Transistors (HEMTs). A physical
structure-based small signal model (named PS-model) and a parameter extraction method of
Fin-HEMTSs were proposed, which demonstrated high fitting accuracy. The PS-model introduces
two significant innovations. Firstly, in this model, the parasitic capacitance (Cg) between the gate
and the two-dimensional electron gas (2DEG) was taken into account, which is calculated using
simulation techniques and conformal transformation. The accuracy of parameter extraction was
significantly enhanced due to this revision. Secondly, the parasitic effects between the trench
region and the 2DEG was introduced in the PS-model, incorporating parallel capacitors namely
Cegs trench and Cqgd wrench. This enabled the effective capture of the distribution effects introduced by
the Fin structure. Finally, parameter extraction and analysis under multiple biases were performed
using the new model, and the mechanism and characteristics of Fin-HEMTs were explained and
analyzed. Simultaneously, fitting results validated the advancement and accuracy of the PS-model.
The establishment of the model will further promote the application of Fin-HEMT in circuit
design.
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1 Introduction

Gallium nitride (GaN) based high electron mobility transistors (HEMTs) have been extremely
attractive in high-power, high-voltage, and high-frequency fields due to their many merits,
including high power output, high operating frequency, and high breakdown electric field [1]—
[4]. In order to further improve device performance, the device follows the principle of
proportional reduction to reduce device size [5]. However, reducing the gate length (Lg) to the
deep sub-micron levels leads to short-channel effects (SCEs), which is mainly due to the decline
in gate control capability. Benefiting from their advanced tri-gate structure, Fin-HEMTs can
significantly enhance gate control and effectively suppress device performance degradation caused
by SCEs [6]-[8]. The structure of the Fin-HEMTs is shown in Figure 1, which exhibits a periodic
nanochannel structure by using the etching process. The introduction of the side-wall gate in the
Fin-HEMTs can effectively increase the control area and ability of the gate. Therefore, the gate is
the core part of Fin-HEMTs.

In order to promote the application of GaN-based Fin-HEMTs in high-power and high
frequency fields, the establishment of accurate small signal models (SSMs) plays a crucial role
[9]-[12]. The SSM of a device not only characterizes the structural characteristics, but also serves
as the foundation for the large signal model, which is a link between the device and the circuit
[13].
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The traditional models for GaN Fin-HEMTs do not consider the influence of gate capacitance and
distribution effect, so the S-parameter fitting accuracy will be reduced. Therefore, this work aims
to establish an accurate SSM for GaN-based Fin-HEMTs based on the characteristics of the gate,
so that Fin-HEMTs can be better applied in circuit design.

Drain /
ench WFin
LFu
J Gate o
/ - / X
/ S 4

Source
AlGaN

GaN buffer
Substrate

Figure 1 The structure of the GaN-based Fin-HEMTs.

2 The structure of the GaN-based Fin-HEMTs.

The GaN Fin-HEMTs investigated in this work were made in Xidian University [14]-[15], and the
structure of the device is shown in Figure 1. The epitaxial heterostructure which consists of a 22
nm Alo3Gao 7N barrier layer (Taigan=22nm), a 2 um GaN buffer layer, and a 100 nm AIN nuclear
layer were grown on a SiC substrate. The device fabrication processes are shown in the work [15].
The oxidation process is performed before the gate metal [14]. The gate electrode is deposited by
of Ni/Au, and the gate thickness (T,) is 45/400 nm. Wrin, Lrin, and Hri, represent the width, length,
and height of the Fin in one period, respectively. Wiench indicates the width of the trench region in
one period. The gate length (L), the distance of gate—drain (Lg) and source—drain (L) are 0.2,
0.3 and 3 pm, respectively.

In order to compare the devices performance and verify the model accuracy, we fixed the Hrin,
Lrin, and Wyench of the device, and fabricated Fin-HEMTs with the Wrin of 200nm, 250nm, and
300nm, respectively. The key parameters of the device are shown in Table 1.

Table 1 The value of the device's structural parameters

Parameter Value Parameter Value
Hrin 30 nm | 0.2 pm
Wtrench 150 nm Tg 445 nm
Lgs 0.3 um Lsa 3 um

3 Modeling of Fin-HEMTsSs

3.1 Simulation of the Device
The electron concentration distribution was simulated by using Silvaco TCAD in order to isolate
the control ability of the side-wall gate. The performance of the device with three different Wgin

(200nm, 250nm, 300nm) was simulated. The parameters of the device structure are the same as



the fabricated ones.

Figure 2(a)—(c) shows the electron concentration distribution of Fin-HEMTs with Wgi, of 200,
250, 300 nm respectively, under a gate voltage (V) and drain voltage (Vgs) of OV. It can be found
that the Schottky contact of the side-wall gate can effectively deplete the 2DEG in the channel
along the Fin width direction, assisting the top-gate to control the carrier in the channel, and
improve the control ability of the whole gate. It can be seen that with the decrease of Wi, the
control ratio of the side-wall gate to the carrier increases.

Figure 2(d) shows the electron concentration distribution of cross sections along the Wriy (200,
250, 300 nm) at the heterojunction interface, which reflected the influence of the side-wall gate on
the carrier concentration. It can be seen that along the gate width (W,) direction, the electron
concentration near the side-wall gate is very low due to the depletion caused by the Schottky
contact of side-wall gates. Therefore, the electron concentration distribution in Figure 2(d) can be
divided into three regions along the width direction of the gate. The depletion width of the
side-wall gate on one side is about 50 nm (W), and the width affected by the top gate is
Wiop=Wrin-2 X Wiige. That is, when the Wri, is less than 100 nm, the Fin is affected by the side-wall

gates only.
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Figure 2 (a) —(c) The electron concentration distribution of Fin HEMTs with Wi, of 200, 250, 300 nm
respectively at gate voltage and drain voltage of OV. (d) The electron concentration distribution of cross sections
along the Wein (200, 250, 300 nm) at the heterojunction interface of the device.

3.2 The Calculation of Gate Capacitance
The most significant feature of the Fin-HEMTs compared to the planar HEMTs is an introduction
by the side-wall gate. For the planar HEMTs, only the top-gate exists. Therefore, the parasitic gate
capacitance (Cg) only caused by the top-gate and does not significantly affect the nonlinear
characteristics of the intrinsic capacitance (Cgs and Cgq). So, the influence of the Cg is distributed
in the intrinsic capacitance Cgs and Cga in the SSM of the planar HEMTs. For the Fin-HEMTs,
side-wall gates induce a more pronounced C, [15]. At the same time, the parasitic capacitances are
also generated between the trench region and 2DEG, which affects Cgs and Cgq directly. Therefore,
in order to build an accurate Fin-HEMT model, it is necessary to consider the influence of Cg and
the trench region.

Because of the special characteristics of the Fin-HEMTs, Cg is composed of parasitic



capacitance from the top-gate (Cg p) and the side-wall gate (Cg sige). The Cg 1op is primarily
determined by the physical structure of the device and represents the capacitance between the
top-gate and the channel, and the C, siqc represents the capacitance between the side-wall gate and
the 2DEG. Due to the existence of a multi-period Fin structure in the gate-width direction, the
side-wall gate will introduce an additional large parasitic gate capacitance, so the C, of the
Fin-HEMT will be larger than that of the planar device. The increase of Cy will reduce the
accuracy of Fin-HEMTs intrinsic capacitors Cg and Cgq in traditional modeling. Therefore, C,
needs to be calculated and de-embedded before the extraction of intrinsic parameters for
Fin-HEMTs.

The formula of the Cg 1op is shown in (1). It is worth noting that due to the influence of the
side-wall gate [16]-[17], the effective area of the top gate is no longer Ly x Wriy, and it will be
changed to Lgx Wiep.
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Then the Cg sige can be calculated by the conformal transformation [18]-[19]. The Cg sige is the
sum of Cg up and Cg_down Which is shown in Figure 3. In the figure, Tox is 3 nm [14]. Each of these
capacitances (Cg up and Cq down) has an inner capacitance and outer capacitance [18].
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Figure 3  Structure diagram of the gate for Csi¢e calculations, where Taigan is 22 nm, Tox is 3 nm, Hpin is 30 nm,
and Wiige is 50 nm.

Therefore, Cq sidge is calculated by the formula (2).
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Where K(x) represents the complete elliptic integral of the first class [16], which can be
calculated by MATLAB R2023a rapidly. And K’ (x)=K(x'), x' represents the complementary

modulus of x. The formula for x’ is shown in (5).
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It is worth noting that in the calculation of Cg side, the state of the 2DEG varies under different
biases. Therefore, in theory, Cg siee should change with biases. However, to simplify the model,
this work base the calculation on the device structure and neglect the nonlinear dependence of
Cg side on biases. The nonlinear characteristics of this part are instead incorporated into the
intrinsic capacitance Cgs and Cgd.

Finally, the Cy in a cycle can be calculated by the formula (6). The total Cg is determined by the
W, and the Fin period (WrintWirench) Which is calculated by the formula (7).

Cg_single = Cg_top + 2 x Cg_side (6)
/4
Cgitotal = Cgﬁsingle X(mj (7)

The Cg in a single cycle is calculated with different Wrin, and the results calculated by the
formula (1)-(6) are shown in Figure 4. When Wk, is greater than or equal to 100 nm, the value of
Wiide 1s 50 nm; when Wrij is less than 100 nm, Wiide equals Wrin/2. When Wy, is less than or equal
to 100 nm, the influence of C, 1op can be disregarded. Since the Wyench of the device is fixed,
different Wri, correspond to different Fin cycles for the device with 100 um gate width. When the
Wrin is 300 nm, the number of the Fin cycle is about 222, so Cg tota1 is 56.12 fF.

—— & - -
o =
A -
/,.“' -
o~ Adban”
= 0.1¢ s
S -~
— o
) " sssm ® 2 ® B ® W@ B W
L4 CL side
4
- C'g_mp

00— :
0 100 200 300 400 500

WFin (nm)

Figure 4 The Cqin a cell with different Wrin. The Wrin is from 20 nm to 500 nm. The Cg is consisted from Cyg top
and Cg_sige. Cg_top 1S represented by the red curve, Cg sie is represented by the black curve, and Cq is represented by
the blue curve.

For the trench region, the gate shows a vertical relationship with 2DEG. The capacitance
between the gate in trench region and 2DEG can be calculated by the above method. The top view
of the device is shown in Figure 5. The capacitance between the trench region and the 2DEG in
the gate-source region is defined as Cgs wench, and the capacitance between the trench region and
the 2DEG in the gate-drain region is defined as Cgd_trench. Therefore, the Cgs trench can be calculated
by the formula (8)-(10), and the calculation of Cgd trench is similar for Cgs trench. Ces trench and
Ced wench are influenced by the 2DEG state of the device, so these two capacitance values will vary

with the device’s bias. Therefore, Cgs trench and Cgd_trench are intrinsic parameters of the model.
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Figure 5 The top view of the device in a cycle and the relationship of the Cgs rench and the Cgd_ rench.

k _ T;n (T + VVtrem‘h ) + LZS (8)
gSJ" T VVuemh T:jf + L;
7:),2\’/3 ((T + VVrrench 2/3 L2/3 ) (9)
gs_out (7:” +WMM 2/3 (T2/3 +L2/3

Cpvms {K' (ke ) K (Fur )} (10)

T K (kg‘tm) K (kgsinut )

g

It is important to note that the parameter values of Cgs trench and Cgd_wrench are influenced by the
state of the 2DEG. In this work, these values are calculated solely based on the physical structure
of the device, without considering the impact of bias. This simplification introduces some degree
of error in the model parameters. However, accurately characterizing the influence of bias on
capacitance through measurements or TCAD simulations is challenging. Therefore, using
Equations (8)-(10), Cgs trench and Cgd wench can be quickly obtained as ideal initial values, and an
optimization algorithm can subsequently be applied to eliminate the errors introduced under
different biases.

Take the Wrin (300nm) as an example. By the above means, the values of Cgs trench and Ced trench
are shown in Table 2. It should be noted that due to the variation of the 2DEG concentration under
different biases, the effective values of Wirench, Lgs, and Lgg will fluctuate, although they have clear
physical meanings. However, the value of Cgs trench and Cgd_trench in the table is an ideal initial value,
the error caused by the change of the bias can be eliminated by the single optimization algorithm.

Table 2 The value of parameters

Parameter Value Parameter Value

Cos wench 155736 fF Cagwencn  1.5643¢? fF

3.3 The establishment of the PS-model

The PS-model is established based on the physical structure of the Fin-HEMT, and the structure of
the model is shown in Figure 6(a). Compared with the traditional model, the PS-model introduces
three new parameters, Cg, Cgs trench, and Cgd wench. The equivalent circuit topology of the device is
shown in Figure 6(b). In the model, the parameters inside the dotted are intrinsic parameters, and

the others are parasitic parameters.



Figure 6 (a) The stereogram of the device in a cell and the structure of the SSM. (b) The equivalent circuit
topology of the device.

Ry, R4, and Ry represent the parasitic resistance generated by the electrode, L, Lg, and Ls
represent the parasitic inductance generated by the metal, and C,, and Cpq represent the parasitic
capacitance of the electrode pad. Since C, represents the parasitic capacitance between the gate
and 2DEG, Cg should be in parallel with Rg and L.

Cgys characterizes capacitance of the channel between the source electrode and the drain
electrode. And Rgs is the intrinsic resistance between them. gm represents the intrinsic
transconductance of the device. Cgs and Cgq represent the capacitance between the gate-source and
the gate-drain in the channel, respectively. Due to the existence of the path within the
heterojunction in the Fin, Rgs and Rgq are needed to represent the quasi-static resistance between
the gate-source and the gate-drain. Parallel capacitors Cgs trench and Cgd wench are introduced to
represent the capacitance in the trench region. On the one hand, the introduction of the Cgs rench
and Cgg ench can improve the fitting of the distribution effect of the device. On the other hand, it
can fit the capacitance effect of the trench region of the device. In order to more intuitively
represent the relationship between Cga and Cgd wrench, Figure 7 shows a stereogram of the device
between the gate-drain, and the effect of the gate—source is similar to the gate-drain.
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Figure 7 The stereogram of the device between the gate-drain, and the figure shows the specific locations of C,
and ngﬁtrench.

To get the value of each parameter, the parasitic parameters of the device are extracted by the
traditional Cold-FET method [20]-[22]. Considering the error of parameter value extraction
caused by the introduction of C,, the fitting accuracy of S-parameter in “Cold” state of the device
is improved by one more optimization. The intrinsic Y parameter (Yin) is obtained by
de-embedding. Due to the introduction of Cg, the de-embedding method is different from the
traditional way, which is represented by Figure 8. It is worth noting that in order to simplify the
calculation, the parallel structure composed of Cq, Ry, and L, needs to be equivalent to the series
structure of L'y and R,
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Through the mutual calculation between (16) and (17), it can be obtained:
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By calculating the slope and intercept between w?/real(Yini1+Yini2) and @?, the value of Cgs and
Rgs can be obtained respectively. Similarly, the values of Cg¢ and Rga can be obtained based on
o?/-real(Yina2). And through the previous calculation, the values of Cgd trench and Cgs trench have
been obtained.

Finally, based on (17) and (18), the values of gm, Cgs, and Rgs (1/g4s) can be obtained.

Through the above steps, the initial value of the parameters can be extracted.

4 Results

After the calculation and extraction of model parameters, the model has been able to achieve an
ideal fitting. In order to further improve the accuracy, and the initial values of the model
parameters are relatively ideal, the final parameters can be obtained through a single gradient
optimization. The optimization algorithm not only eliminates errors introduced during the
parameter extraction process but also compensates for the effects of bias variations on the values
of Cgs trench and Cgd wench. The performance of the optimization is determined not only by the
effectiveness of the model topology but also by the quality of the initial parameter estimates.
High-quality initial parameters not only enhance the efficiency of model development but also
significantly improve the accuracy of model fitting. Taking biases (-1.6V, 10V) and (-3V, 15V) as
examples, the values of each parameter are shown in Table 3 and Table 4, and the fitting results
are shown in Figure 9. The frequency range for the S-parameters is 1-30 GHz, and the testing step
is 0.1 GHz. These two bias conditions are commonly used for the device, representing that the
device is in Class A and Class AB, respectively. In order to express the advancement of the
PS-model more directly, the fitting results of the PS-Model are also compared with those of
traditional model [24] in Figure 9. In the figure, black curves represent the measured S-parameters,
red curves represent the S-parameters fitting results using the PS-model, and blue curves represent
the fitting results using the traditional GaN HEMT model [24]. In [24], an integrated parameter
extraction method was employed that takes into account the influence of parasitic inductance on
the extraction of parasitic capacitance, enabling rapid and accurate determination of model
parameters. Therefore, the parameter extraction method in [24] effectively demonstrates the fitting
capability of the conventional model’s topology, as evidenced by the blue curve in Figure 9
achieving an ideal fitting result. Based on this, a comparison with the fitting results of the

PS-model further underscores its advanced nature.
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Figure 9 (a) The fitting result of the PS-model under (-1.6V, 10V). (b) The fitting result of the PS-model under
(-3V,15V). In the figure, black curves represent the measured S-parameters, red curves represent the S-parameters
fitting results using the PS-model, and blue curves represent the fitting results using the traditional GaN HEMT
model. The frequency range for the S-parameters is 1-30 GHz, and the testing step is 0.1 GHz.

At the same time, in order to evaluate the fitting accuracy of the model, the fitting errors of both
the PS-model and the traditional model were calculated by the method used in reference [21], and
the calculation results were shown in Table 5. It can be seen that the PS-model for GaN-based
Fin-HEMT can achieve ideal fitting. From the fitting results in Table 5, it can be seen that the
model topology and parameter extraction method in reference [21] result in an S-parameter fitting
error of about 2.5%, which has already achieved a relatively ideal fitting result. The PS-model
proposed in this work, relying on an improved model topology and a more ideal parameter initial
value extraction, can effectively further improve the fitting accuracy of the S-parameters. The
enhancement in fitting not only proves the advanced nature of the improved topology of the
PS-model, but also validates the effectiveness of the parameter extraction method used in this

work.

Table 3 The value of the model’s parameters under (-1.6V, 10V)

Parameter Value Parameter Value
Cpg 1.58¢’ 5 F Cpa 1.58¢'5 F
Rg 2.29Q Rq 7.41 Q
Rs 2.09 Q | 6.84c' H
L, 1.39¢'H Lq 6.28¢''H
C, 56.12¢'15 F Cys 7.49¢4 F
Rgs 1.58 Q Ces_trench 4.23¢4F
Caa 2.82¢F Ry 731 Q
Cad_trench 1.54¢ F Cas 2.80e* F
gds 1.00¢3 S gm 2.00e2 S

Table 4 The value of the model's parameters under (-3V, 15V)

Parameter Value Parameter Value

Cgs 6.15¢4 F Rgs 6.48 Q
Cgsﬁtrench 2.86e° F ng 2.29¢4F



Rgd 8.12Q Ced_trench 7315 F
Cas 2.67¢*F Qs 1.01e3 S
gm 8.97¢3 S

Table 5 The fitting error of the ps-model and the traditional model under (-1.6V, 10V) and (-3V, 15V)

(Ve=1.6V, Va=10V) (Ve=-3V, Va=15V)
error(g) The PS-model The traditional The PS-model The traditional

model ] model 2

&(S11) 1.09 % 1.54 % 1.35 % 2.97 %
&(S12) 2.29% 2.99 % 2.24 % 2.68 %
&(S21) 1.47 % 2.92% 2.06 % 2.99 %
&(S22) 1.02 % 1.37 % 1.45 % 1.99 %
&(S) 1.47% 2.21% 1.78% 2.66%

In order to further verify the accuracy of the model, we extracted the model parameters of
Fin-HEMT under 210 different bias points (Vs is from -4 V to 0 V with the step of 0.2 V; Vg is
from 2 V to 20 V with the step of 2 V), and drew a three-dimensional diagram of the relationship
between the model parameters and the change of Vg and Vg, where Wrin is 300nm. In Figure
10(a), it is evident from the function C=Q/U that the Cg are primarily influenced by the potential
difference and charge between the gate and the source. As the Vs rises, the device turns on and
leads to an increase in charge under the gate, accompanied by a decrease in potential between the
gate and the source. Therefore, Cys increases with the increase of V. The rise in Vg contributes to
an increase in source charge to a certain extent, leading to an upward trend in Cg. However, it is
noteworthy that the extent of this increase is confined within a limited range. In Figure 10(b), Cgq
is affected by both the Vs and the Vgs. The increase of the Vg makes the device turn on to increase
the amount of charge, and reduces the difference of potential between the gate and the drain,
leading to an increasing Cgd. The increase in the Vgs will increase the potential difference between
the drain and the gate, resulting in a decrease in Cg. It can be seen from Figure 10(c) and (d) that
the parasitic gm is smaller than the intrinsic gm due to the effect of the gate resistance. The
variation of intrinsic gm with biases is the same as that of parasitic gm measured by DC, which
exhibits excellent linearity at a high Vg. The excellent linearity of Fin structure devices can be

attributed to the increase of gate capacitance with Vg [15].
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Figure 10  The 3-D graph for (a) The Cgs of the Fin-HEMT. (b) The Cgq of the Fin-HEMT. (c) The gmin of the
Fin-HEMT. (d) The gmex: of the Fin-HEMT. The Vg of the device is from -4 V to 0 V, and the Vs is from 0 V to
20 V.

Next, Cgs and Cgq of devices with different Fin widths are analyzed in Figure 11. The Cgs and Cgq
gradually increase with the increase of V. As the decrease of Fin width, the overall trend of Cg
and Cgq is increasing. It has been proved that the gate capacitance increases with the decrease in
Wrin due to the improved side-wall gate control in narrower Fin structures [20]. This rule is
consistent with the mechanism of the device and also proves the accuracy of the model.
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Figure 10 Comparison of the Cgs and Cgq among the Fin-HEMTs with 200 nm Fin Width, 250 nm Fin Width and
300 nm Fin Width.

5 Conclusion

In this work, a novel SSM (PS-model) for GaN Fin-HEMT is established. Based on the physical
structure of the device, the PS-model introduces three new model parameters, Cq, Cgs trench, and
Cgd_trench, Which are used to represent the capacitance generated between the Fin structure and
2DEG. Based on the actual process parameters of the device, the key parameters of the model are
determined by Silvaco simulation. Because the new parameters have specific physical significance,
parameter values can be calculated by the conformal transformation, which can quickly obtain
parameter values and improve the efficiency and accuracy of model establishment. Finally, the
PS-model can accurately fit the S-parameter of GaN-based Fin-HEMTs, and the fitting accuracy is
better than 98%. At the same time, the change of key intrinsic parameters (Cgs, Cgd, and gm) with
biases and the influence of different Wrin on the model parameters were studied. Meanwhile, the

trend and mechanism of parameter changes were explained, which further verified the



advancement and accuracy of the PS-model.
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